Introduction
Glutamate receptors are essential for normal function of the central nervous system (CNS), such as long-term potentiation (LTP) responsible for memory. 1 However, excessive activation of NMDA subtype of glutamate receptor (NMDAR) is thought to mediate neuronal damage during pathological conditions such as stroke, Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD), and amyotrophic lateral sclerosis. 2, 3 The fine line between the physiological function and toxic reactions elicited by NMDARs is a major concern for developing safe therapeutic interventions. NMDAR antagonists can be categorized pharmacologically into 4 major groups according to the site of action on the receptor channel complex: Drugs acting at the 1) NMDA (agonist) recognition site, 2) glycine (co-agonist) site, 3) channel pore, and 4) modulatory sites such as the redox modulatory site, proton sensitive site, highaffinity Zn 2+ site, and polyamine site. 4 NMDARs are found in most regions of the brain;
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inhibition of glutamate receptor function. 5 Such a side effect clearly limits their potential for future clinical applications. Therapeutic strategies involving modulatory agents acting at ligand-binding or modulatory sites of NMDARs may provide a better therapeutic index. Furthermore, openchannel block with uncompetitive antagonism is currently the most appealing strategy for therapeutic intervention during excessive NMDAR activation. This property, in theory, leads to a higher degree of channel blockade in the presence of excessive levels of glutamate and little blockade at relatively lower levels, for example, during physiological neurotransmission. 6, 7 Utilizing this pharmacological strategy of action, we helped develop memantine as the first clinically tolerated, yet effective agent against NMDAR-mediated neurotoxicity. 7 Memantine has been clinically demonstrated to be effective in treating moderate-to-severe AD, while being well tolerated. 7 Other strategies of creating NMDAR modulatory agents to combat neurodegenerative diseases will also be briefly discussed.
NMDA receptor structure
The glutamatergic neurotransmitter system comprises the majority of excitatory synapses in the neocortex. 8 Based on the pharmacology of agonist sites, there are three classes of glutamate-gated ion (or ionotropic) channels, known as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA), kainate, and NMDA receptors. Three gene families are known to encode for NMDA receptor families, termed NMDAR1 (NR1), NMDAR2 (NR2), 9 and NMDAR3 (NR3). 10, 11 In contrast to non-NMDA (AMPA and kainate)-type glutamate receptors, all functional NMDARs are heteromultimers. 9 A common structural scheme for glutamate receptors contains an extracellular amino-terminal domain (ATD) for various modulatory functions, extracellular S1S2 domains for agonist binding, an ion channel domain with four transmembrane segments (M1-4) for gating and ion permeation, and a carboxy-terminal domain for communicating with intracellular milieu ( Figure 1A-B) . Conventional NMDARs composed of NR1 and NR2A-D subunits require dual agonists, glutamate and glycine, for activation ( Figure 1) . 7, 9, 12 The activity of NMDAR-associated channels is modulated by voltage-dependent block of magnesium (Mg 2+ ) and the channel manifests high permeability to calcium (Ca 2+ ). 4, 13 Depolarization of the postsynaptic membrane through activation of adjacent non-NMDA glutamate receptors (eg, AMPA receptors) in synaptic spines removes Mg 2+ blockade and enables NMDA channel activation. Amino acid residues at or adjacent to the so called N-site or "Q/R/N" (glutamine/arginine/asparagine)-site in the second membrane region (M2) of NMDAR subunits control the permeability and block of NMDAR-activated channels by Ca 2+ and Mg 2+ . 13 Mutation of the N-site asparagine in NR1 or NR2 subunits also dramatically decreases the potency of antagonism by organic open-channel blockers, eg, MK-801, ketamine, amantadine, and memantine. 14, 15 Included within the NMDAR structure are various modulatory sites, such as the polyamine, redox, Zn 2+ , and proton sites ( Figure 1C ), which regulate NMDAR function. 4, 16 Structurally, NMDARs are likely composed of a tetramer of NR1 and NR2 subunits. The subunit composition determines the properties of receptor-ion channel complex.
9,17 NR2 subunits dictate overall pharmacological and biophysical properties of the NMDAR complex, and determine whether NMDARs will be involved in induction of LTP or synaptic plasticity. 17 Alternative splicing of NR1 subunits further contributes to the diversity of pharmacological properties of NMDARs. 18 NMDAR subunits are differentially expressed both regionally in the brain and temporally during development. For example, NR2B-containing NMDARs with slow-decaying currents are predominantly found in the early postnatal brain; NR2A outnumber NR2B subunits as the brain matures. 19, 20 This developmental switch of NR2 subunits results in differential properties of synaptic NMDARs, which may contribute to synaptic development or plasticity. 19, 21 Additionally, co-expression of the novel NR3 family of NMDAR subunits decreases the magnitude of NR1/NR2 receptor-mediated currents or forms glycine-activated channels with the NR1 subunit alone. 10, 11 Physiological function of NR3-containing receptors remains to be determined.
NMDA receptors and normal synaptic neural function
Most neurons (and also glia) in brain tissue contain high intracellular concentrations of glutamate (∼10 mM). 7 Upon accumulation into synaptic vesicles, glutamate is released for a very brief period (on the order of milliseconds) during normal glutamatergic neurotransmission in order to communicate with other neurons through synaptic terminals ( Figure 2 ). It is well established that activation of NMDARs is required for synaptic plasticity in normal neural function, such as LTP and long-term depression (LTD). 17, 21, 22 LTP (or LTD) is an activity-dependent form of increased (or decreased) transmission efficacy at synapses which is considered to represent the cellular basis for learning and memory. 22 Many neurodegenerative diseases and brain aging, which are associated with cognitive decline, display a decrease in LTP and NMDA channel and related therapeutics Dovepress submit your manuscript | www.dovepress.com Dovepress reduced synaptic plasticity. [23] [24] [25] [26] While both LTP and LTD require NMDAR activation, the level of postsynaptic Ca 2+ increases after differential NMDAR activation may determine the types of synaptic modification. 27 Importantly, NR2A-or NR2B-containing NMDARs may play differential roles in the induction and polarity of synaptic plasticity, that is LTP versus LTD. 21, [28] [29] [30] [31] Moreover, proper synaptic localization of NR2B-containing NMDARs might be important for the strength of physiological induction of LTP. 32 Therefore, synaptic versus extrasynaptic NMDARs and their subunit compositions further contribute to their differential and diverse roles in neural plasticity [30] [31] [32] and neuronal survival.
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NMDA receptor and excitotoxicity
During normal synaptic transmission, glutamate is released into the synaptic cleft and is available for activation of NMDARs for a very brief period of time (Figure 2 ), yet excess levels of glutamate or its presence for prolonged periods of time may elicit neuronal insults ultimately leading to cell death ( Figure 3 ), also known as "excitotoxicity". 3, 34, 35 In many areas of the CNS, the predominant form of neurotoxicity appears to be mediated by overactivation of NMDARs and subsequent influx or release of excessive Ca
2+
. Ca 2+ overload could consequently lead to mitochondrial dysfunction, production of reactive oxygen species (ROS) and nitric oxide (NO) radicals, activation of protein kinases, phosphatases and pro-apoptotic pathways through second messenger cascades, resulting in cell death due to oxidative stress and excitoxicity 3, [36] [37] [38] (also see legend for Figure 3 ). Various insults can lead to excessive or prolonged release of glutamate within the nervous system resulting in excitotoxicity. For instance, copious levels of glutamate are released from damaged cells at the focus of insults during traumatic brain injury or cerebral ischemia following stroke. A subtler form of excitotoxicity has been implicated in many chronic and slowly progressive neurodegenerative disorders. Neurological diseases such as AD, HD, PD, multiple sclerosis, and amyotrophic lateral sclerosis are caused by various mechanisms but may share a final common pathway as a result of chronic, prolonged exposure to moderately elevated levels of glutamate relative to that occurring during normal neurotransmission, which ultimately leads to perturbed Ca 2+ homeostasis, activation of apoptotic mechanisms and cell death ( Figure 3) . [36] [37] [38] The extent of excitotoxicity from these chronic, subtle insults may also depend on activation of extrasynaptic NMDARs 39 or NMDARs of different subunit compositions. 3, 8, 33, 39, 40 Moreover, excitotoxicity can occur with normal levels of glutamate if the activity of NMDARs is increased, for example, when neurons are injured and become depolarized. As a result, the normal block of NMDAR-associated ion channels by Mg 2+ is relieved; thereby enabling increased activity of NMDARs. 7, 40 In addition, increased activity of the enzyme NO synthase (NOS) is associated with excitotoxic cell death. 38 The neuronal isoform of the enzyme is physically tethered to the NMDAR and activated by Ca 2+ influx via NMDA channel and related therapeutics Dovepress submit your manuscript | www.dovepress.com Dovepress the receptor-associated ion channel. Increased levels of NO have been detected in animal models of stroke and several neurodegenerative diseases. 3, 7 Additionally, recent research suggested that induction of NMDAR-mediated neurotoxicity might depend on the NR2 subunit composition of NMDARs involved and their subcellular localization (synaptic versus extrasynaptic). 3, 39, 40 Overactivation of extrasynaptic NR2B-containing NMDARs appears to be associated with activation of many neurotoxic pathways and subsequent cell death; yet synaptic activation of NMDAR seems to be neuro-protective, supporting neuronal survival. Overactivation of NR2A-and/or NR2B-containing NMDARs have also been linked to mitochondrial dysfunction and elevated production of ROS and NO radicals in neurons, resulting in excitotoxicity. 3, [39] [40] Other Ca 2+ -permeable channels and routes of Ca 2+ entry, such as transient receptor potential (Trp), acid-sensing and Ca 2+ -permeable AMPA channels are also known to contribute to excitotoxicity. 39, [41] [42] [43] [44] Apart from postsynaptic receptors, changes in various postsynaptic proteins, such as components of cytoskeletal actin-regulatory machinery and postsynaptic scaffold proteins (eg, PSD95/SAP90), are also thought to underlie the cognitive impairments involved with neurodegenerative disorders. 43, [45] [46] [47] [48] [49] [50] It is also known that in the aged brain there is a progressive accumulation of neurotoxic compounds. [51] [52] [53] [54] Figure 3 Schematic representation of the apoptotic-like cell death pathways triggered by excessive N-methyl-D-aspartate receptor (NMDAR) activity. while normal synaptic activation of NMDARs leads to physiological neurotransmission, excessive or prolonged glutamate release may result in activation of pro-apoptotic pathways, ultimately leading to cell death. excessive glutamate may be released from neighboring neurons undergoing cell death; due to inhibition of glia glutamate transporters, preventing re-uptake of glutamate released into the synaptic cleft, or from presynaptic neurons which are undergoing various insults, such as Aβ-mediated toxicity, hyperphosphorylated tau, trauma, ischemia, hypoxia or under the influence of various neuronal toxins. Excess glutamate may then activate extrasynaptic NMDARs, as well as synaptic NMDARs resulting in an exaggerated increase in intracellular Ca 2+ levels in the postsynaptic neuron. Abnormally elevated intracellular Ca 2+ levels may lead to a cascade of events favoring apoptosis, such as activation of p38 mitogen activated kinase (MAPK)-MeF2C (transcription factor) pathway; activation of free radicals such as nitric oxide (NO) and reactive oxygen species (ROS); activation of Ca 2+ /calmodulin-dependent kinase ii (CaMKii) and extracellular-signal related kinases (eRK1/2) pathways; and activation of caspases which are associated with apoptotic pathways. Activation of eRK1/2 and related pathways by NMDAR overactivation could also lead to an increase in surface expression of AMPA receptors (AMPARs). Subsequent activation of AMPARs could in turn remove Mg 2+ block of NMDARs and enhance NMDAR-mediated excitotoxicity. 
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NMDA receptors and age-related cognitive decline
Formerly, age-and AD-related cognitive impairments had been thought to occur due to a loss or decline of cholinergic neurons and functional integrity of the forebrain cholinergic systems. 56, 57 However, other neurotransmitter systems, which may contribute to the wide and complex range of cognitive deficits observed in the pathology of brain aging and various neurodegenerative diseases, have not been as extensively studied. [58] [59] [60] In addition to the cholinergic system, the most consistent modification in the aging brain is a loss of glutamate receptors. 61, 62 Among the various excitatory glutamate receptors, NMDARs appear to be preferentially altered in the cerebral cortex during the aging process. 63 A reduction of NMDAR density in the hippocampus and cortex of aging monkeys and rodents has been reported. [62] [63] [64] [65] Also, expression of various NMDAR subunits undergoes significant age-related alterations, which may ultimately affect the composition of NMDAR complexes and lead to changes in the binding properties, kinetics and physiological properties of NMDARs during brain aging. [66] [67] [68] [69] Thus, of the various age-related modifications, changes in postsynaptic NMDAR sites may be a major contributor to the behaviorally observed cognitive impairments associated with the aging process.
NMDA receptors and pathogenesis of AD
There are several potential links between excitotoxic damage and the primary insults of AD, which, based on rare familial forms of the disease, are believed to involve toxicity from misfolded mutant proteins. 70, 71 These proteins include soluble oligomers of β-amyloid peptide (Aβ) and hyperphosphorylated tau proteins. 71 For example, oxidative stress and increased intracellular Ca 2+ generated by Aβ have been reported to enhance glutamate-mediated neurotoxicity in vitro. Additional experiments suggest that Aβ can increase NMDA responses and thus excitotoxicity. [72] [73] [74] Another potential link comes from recent evidence that glutamate transporters are down-regulated in AD and that Aβ can inhibit glutamate reuptake or even enhance its release. 75, 76 Moreover, excessive NMDAR activity has been reported to increase hyperphosphorylation of tau, which contributes to neurofibrillary tangles and is involved in NMDA-mediated neurotoxicity. 77 The NMDAR antagonist, memantine, has been found to offer protection from these neurotoxic processes, as discussed below.
NMDA receptors and other neurodegenerative diseases
NMDARs play a key role in a variety of physiological processes. Either disruption in NMDAR activity or NMDAR overactivation has been implicated in the pathophysiology of a number of neurodegenerative disorders apart from AD. However, the role of NMDARs and the exact pathophysiological pathways involved in other neurodegenerative diseases, such as HD, remain to be determined.
HD is caused by degeneration of striatal medium spiny neurons. Striatal medium spiny neurons consist of a plethora of predominantly NR2B-containing NMDARs. 78 Experimental evidence implicates NMDAR-mediated excitotoxicity as the underlying mechanism of neuronal loss and degeneration in HD (see 39, 40, [78] [79] [80] [81] [82] [83] [84] [85] [86] for details of experimental evidence); whereby an up-regulation of NR2B subunits occurs in HD. 80 It has been demonstrated that NMDAR-mediated excitotoxicity of striatal neurons in transgenic mice could be ameliorated through specific antagonism of NR2B receptor subunits alone; 81, 82 however, a consensus regarding the primary mechanism of neuronal loss in HD is still lacking. [83] [84] [85] Importantly, a NMDAR open-channel blocker, memantine has demonstrated moderate success with respect to the amelioration and delay in progression of HD in clinical trials. 86 PD occurs as a result of degenerating nigral dopaminergic neurons and depletion of nigrostriatal dopamine. The dopaminergic deficit could lead to relative NMDAR overactivity and an increase of glutamatergic projections to the striatum and basal ganglia, resulting in further progressive neurodegeneration and clinical symptoms associated with PD. 87, 88 As such, many studies have demonstrated that NMDAR antagonists could protect nigral neurons from excitotoxicity, ameliorate symptoms and slow disease progression of PD. [87] [88] [89] [90] [91] Among various NMDAR antagonists, low affinity NMDAR antagonists, amantadine and memantine have demonstrated efficacy and tolerability towards alleviating PD-related symptoms and dementia. 89, 90 NR2B-subunit specific antagonist, CP-101,606 have also demonstrated efficacy in reducing PD-related symptoms with mild undesirable cognitive effects. 87, 91 Other than neurodegenerative diseases, a disruption or overactivation in NMDAR activity is also implicated in a number of neurological disorders, such as epilepsy, major NMDA channel and related therapeutics Dovepress submit your manuscript | www.dovepress.com Dovepress depression, chronic pain, ischemic and traumatic brain injury. We refer readers to several excellent review articles for an overview of NMDAR-mediated neurotoxicity in these diseases.
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Drug design of NMDA receptor antagonists
Excitotoxicity from overactivation of NMDARs has been implicated in a large number of acute or chronic neurological disorders; consequently, devising therapeutic strategies towards neuroprotection through combating excitotoxicity has drawn intense research interest. [3] [4] [5] [6] [7] 36, 40 However, the major concern for potential therapeutic intervention at NMDARs is the fact that these receptors are involved in both normal neurotransmission and, if excessively activated, excitotoxic pathways. For clinical purposes, neuroprotective agents must block overactivation of NMDARs while preserving normal neurotransmission to avoid adverse effects due to generalized inhibition of normal NMDAR activity. Drugs that act as competitive antagonists at either glutamate or glycine agonist binding sites, block normal neurotransmission mediated by low levels of NMDAR activation more than overactivated NMDARs due to their competitive nature, thus depicting undesirable side effects or an unfavorable risk-benefit ratio for applications in clinical therapies. 36, 92 Furthermore, under excitotoxic conditions where high levels of glutamate exist, competitive antagonists at agonist-binding sites are likely displaced from NMDARs by competing levels of glutamate and will be less effective in preventing excitotoxicity. As such, lack of clinical benefit of these types of NMDAR antagonist in ameliorating stroke has been demonstrated. 36, 92 Nonetheless, partial agonists acting at the NMDAR glycine (agonist) site have been suggested with therapeutic potential as cognitive enhancers to combat age-related cognitive decline due to NMDAR loss. 93, 94 The long-term effects and clinical utility of these NMDAR-dependent cognitive enhancers remain to be investigated. 95 Allosteric modulators and uncompetitive open-channel blockers of NMDAR appear to have better clinical safety profiles and therapeutic potentials in combating neurodegenerative diseases.
Uncompetitive antagonism and open-channel block
When a drug is considered an open-channel blocker of NMDARs, it only indicates that this drug enters and blocks the ion channel when NMDARs are activated by dual agonists and in an "open-channel" conformation. However, it is the mode of 'unbinding" from the NMDAR channel pore of open-channel blockers that determines their mechanisms of action (Figure 4) . If an open-channel blocker can leave the channel pore in a closed or trapped conformation regardless of agonists binding, it would behave as a noncompetitive antagonist, and would not distinguish low from high levels of NMDAR activation ( Figure 4A) . 96 On the other hand, an open-channel blocker that could only leave NMDAR channel pore after it re-opens by agonists would act as an "uncompetitive" antagonist ( Figure 4B ). 96 Such "uncompetitive" antagonism, in theory, leads to a higher degree of channel blockade in the presence of excessive activation of NMDARs and little blockade at relatively lower levels of NMDAR activation ( Figure 4C and see below) . Pure uncompetitive antagonism through open-channel block is, therefore, an ideal approach for therapeutic purposes during excessive NMDAR activation, as a greater number of channels will be in the open-channel state and available for blocking while normal neurotransmission with lower levels of NMDAR activation would be relatively spared. 6, [96] [97] [98] Based upon these premises, an open-channel blocker would protect against more severe excitotoxic conditions as opposed to less severe conditions. Therefore, moderate-to-severe dementia that is associated with overactivation of NMDARs and subsequent cell injury and death, theoretically, would be more effectively treated by uncompetitive open-channel blockers relative to milder conditions. NR2 subunit-selective antagonism and extrasynaptic NMDA receptor blockade A new therapeutic strategy using NR2B-selective antagonists to target excitoxicity has recently emerged as extrasynaptic NR2B-containing NMDARs appear to be associated with glutamate-mediated excitotoxicity more than other NMDAR subtypes. Most NR2B-selective antagonists act as allosteric modulators on the ATD domain of NR2B subunits, displaying a higher affinity towards activated and desensitized conformations of NMDARs with a noncompetitive mode of action. 99 However, NR2B-selective antagonists could display phencyclidine (PCP)-like behavioral effects and abuse potentials, as well as block the human ether-à-go-go (hERG) K + channel, which could lead to long QT-related lethal arrhythmias. Further development and clinical trials of these NR2B-selective compounds are needed to explore their therapeutic efficacy and potential adverse side effects in treating neurological diseases. Another potential strategy is targeting extrasynaptic NMDARs, since synaptic activation of NMDARs supports normal neurotransmission and neuronal survival while in pathological conditions, abnormal 39 However, further study is required to support the extrasynaptic targeting approach as extrasynaptic glutamate receptors are also rich in NR2B-containing NMDARs.
Memantine as an NMDAR uncompetitive open-channel blocker
To date, few NMDAR-targeted pharmacological agents have succeeded with adequate efficacy and acceptable side effects in randomized clinical trials for the treatment of neurological disorders. 100 Memantine (MEM) and its analogues are the most well-tolerated and efficacious agents in this regard. MEM (1-amino-3,5-dimethyl-adamantane, Figure 4D ) is a derivative of amantadine, an anti-influenza agent 101 and has been used clinically with an excellent safety record for over 20 years in Europe to treat PD, spasticity, and AD. 7, 102 At clinically relevant concentrations (1-12 µM), [103] [104] [105] memantine acts as an open-channel, uncompetitive blocker of the NMDAR-coupled channel pore. 6, 96, 106, 107 We first reported that the extent to which a fixed, low-micromolar concentration of memantine blocked NMDAR activity actually increased as the NMDA concentrations increased during pathological situations ( Figure 4C ). 6 As a result of this uncompetitive antagonism during therapeutic treatment, memantine exerts stronger blocking effects under pathological conditions due to excessive or prolonged glutamate-mediated excitotoxicity; while normal synaptic transmission, LTP and physiological responses to behavioral tests such as the Morris water maze are preserved. 6, 97, 108 Memantine is currently the only nonacetyl cholinesterase inhibitor that is therapeutically approved for the treatment of patients with moderate to severe AD. The clinical tolerability and therapeutic potential of memantine is supported by safety and efficacy profiles in recent clinical trials for AD treatment. 100, 109 Additionally, at 12 µM, memantine is relatively specific for NMDA-antagonistic action with a 50% inhibition constant (IC50) of ∼1 µM at -60 mV, but is far below the effective level of memantine at most other receptor or ligand-gated channels (but see 6, 7 ). The therapeutic benefits of memantine in PD, and possibly cerebral ischemia, dementia, and epilepsy are, therefore, thought to occur via its antagonistic action on NMDARs. 6, 110, 111 Neuroprotective agents that work by high-affinity binding to the NMDAR result in inhibition of the majority of all receptor activity, thereby yielding intolerable clinical side effects. 36 Thus, open channel blockers with uncompetitive antagonism appear to be the best available strategy to combat excitotoxicity under pathological conditions while sparing physiological neurotransmission. 6, 7, 96 Other possible advantages of memantine action for its efficacy and safety profile
One of most intriguing characteristics of memantine is its clinical safety profile accompanying its therapeutic efficacy when compared to other open channel blockers. A number of factors have been suggested to explain memantine's clinical tolerability and efficacy, including moderate-to-low affinity, moderate voltage dependence, fast blocking and unblocking kinetics, and partial trapping in the NMDAR-associated channel. 70 The proposed explanations are based on the assumption that memantine and other open-channel blockers bind at the same site as extracellular Mg 2+ in the channel selectivity filter. We showed that this assumption is incorrect. 15 Mg
2+
, a physiological open-channel blocker for NMDARs interacts differently on the N-site residues of NR1 and NR2 subunits when applied from the intracellular versus extracellular surface. 112, 113 We reported that the specific memantine blocking site is the intracellular Mg 2+ blocking site, which is located at the N-site asparagine of the NR1 subunit and is slightly deeper than the extracellular Mg 2+ blocking site. 15 The N and N + 1 sites of NR2A subunits are the extracellular Mg 2+ blocking site and provide the major electrostatic interaction with memantine upon binding to this deep, specific site ( Figure 5 ). The distinct patterns of interaction of memantine with the channel selectivity filter 6, 15, 96, 110 may confer upon memantine unique kinetic features 114 leading to the drug's excellent clinical tolerability. In accordance with these observations, in the absence of extracellular Mg 2+ , memantine displays minimal differences in blocking NMDARs containing various NR2 subunits. 115 Furthermore, several studies have also reported a second binding site for memantine in NMDA-gated channels. [115] [116] [117] [118] We recently demonstrated that the second, superficial site of memantine action is nonspecific and may explain the noncompetitive (or nontrapping) component of memantine at near millimolar concentrations ( Figure 4C) . 15, 96 Occupancy by memantine of this shallow site would allow dissociation of the drug in either the open or closed conformation, resulting in a form of noncompetitive antagonism that would not confer advantages in clinical safety. 15, 96 Lipophilic leak of memantine from its blocking site cannot explain this noncompetitive component. [119] [120] Importantly, what renders NMDA channel and related therapeutics Dovepress submit your manuscript | www.dovepress.com Dovepress memantine different from other so-called "low-affinity" NMDA open channel blockers is that the affinities of the two sites of memantine blockade are sufficiently distinct so that the pharmacological properties of memantine specific sites may account for its lack of side effects. 15 In our hands, memantine, at therapeutic concentrations, displays minimal closed-channel block or egress (minimal lipophilic leak), and therefore behaves as a perfect uncompetitive blocker ( Figure 5 , see 96 for details). Furthermore, 6 µM memantine blocked 80% to 85% of extrasynaptic NMDAR-gated current ( Figure 4E) , 6, 15 but only 35% to 40% of NMDAR-mediated excitatory postsynaptic currents (EPSCs), 97 indicating memantine exerts a preferential blockade of extrasynaptic NMDARs that are activated only during pathological insults. These additional blocking properties of memantine and its uncompetitive antagonism most likely account for its clinical tolerability and efficacy at low micromolar concentrations.
Efficacy of memantine in animal models of neurological disorders
The neuroprotective potential of memantine has been demonstrated in a large number of in vitro and in vivo animal 108 ). For example, memantine has been shown to protect cerebrocortical, cerebellar and retinal neurons from NMDA-mediated neurotoxicity. 6, 97, 121 In a rat stroke model, memantine reduced hypoxic-ischemic brain injuries by 30% to 50% when it was provided up to 2 hours following the ischemic event.
6,97 Also, memantine treatment has been shown to decrease the loss of cholinergic neurons induced by NMDA-mediated toxicity or mitochondrial toxins in rat models. 70 Furthermore, chronic infusion of memantine attenuated neuronal loss, improved short-term memory impairment, reduced learning deficits and neurotoxicity caused by quinolinic acid-induced cortical lesions in rat models. 108 In terms of AD treatment, memantine was found to reduce neurotoxicity by preventing hippocampal neuronal loss and apoptosis instigated by intrahippocampal injection of Aβ, 122 as well as by enhancing the processing of nonamyloidogenic β-amyloid precursor proteins. 70 Although exact mechanisms by which memantine offers neuroprotection in in vivo or in vitro models of AD may be complex and remain to be determined, a mechanism associated with its NMDAR antagonism is favored. Nonetheless, memantine treatment significantly protected cultured rat cortical neurons against Aβ-induced toxicity by attenuating activation of caspase-3, hyper-phosphorylation of tau proteins and its associated signaling mechanisms. 123 Memantine also improved performance on spatial behavioral tests in a transgenic mouse Although exact mechanisms by which memantine offers neuroprotection and cognitive improvement in animal or culture models of AD remain to be determined and could be complex, a mechanism related to its NMDAR antagonism is favored. Several hypothetical and beneficial outcomes following memantine treatment have been suggested, including the resumption of optimal "signal to noise" ratio in synaptic activities, 111 re-establishing the balance between inhibitory and excitatory neural networks and changing the balance of synaptic and extrasynaptic NMDAR activation for neuronal survival. 125 Therapeutic potentials of memantine in human clinical trials A number of human clinical trials are completed or in progress to investigate the efficacy of memantine for the treatment of neuropathologies related to AD, vascular dementia, HD, PD, traumatic brain injury, amyotrophic lateral sclerosis (ALS), frontotemporal lobe degeneration, neuropathic pain, depression, and glaucoma. 100 Among these trials, the strongest evidence to date supports memantine as a therapy of choice for alleviating symptoms related to moderate-to-severe AD. 109 In the 1990s, 3 small clinical trials in Europe demonstrated that memantine (10-30 mg/day for 6-12 weeks) improved cognition, global functioning and activities of daily living (ADLs) in patients with AD and vascular dementia. 100, 109 Since 2000, 3 large (250 patients) randomized, placebo controlled trials and meta-analysis of their results in treating moderate to severe AD showed that memantine treatment (20 mg/day for 6-7 months) led to less deterioration in functional capacity and improved cognition, ADLs, and neuropsychiatric symptoms. 100, [126] [127] [128] Symptoms of agitation and aggression of AD patients in these trials were significantly improved following memantine treatment. In trials treating mild to moderate AD and vascular dementias, however, only small degrees of cognitive improvement had been demonstrated following memantine therapy (20 mg/day for 6 months). 100 Also, clinical trials using memantine to treat neuropathic pain so far have yielded disappointing results with respect to its efficacy. 129 Nonetheless, as we outlined above, the uncompetitive mode of memantine action would predict that, at a fixed dose, memantine should work better for severe conditions, eg, excessive glutamatemediated neurotoxicity causing cell death, than milder conditions manifested by slightly elevated glutamate-mediated neuro-deregulation. Bearing this into consideration, it is not surprising that memantine displayed a larger effect in moderate-to-severe dementia than in mild dementia. Most importantly, most clinical trials have revealed excellent clinical safety and tolerability of memantine treatment, with a frequency of adverse events similar to placebo. As a result, memantine is currently under extensive study for treatment of other neurodegenerative disorders, including HD, ALS and movement disorders.
Conclusions and future perspective
Glutamate receptor-mediated excitotoxicity is implicated in the pathogenesis of several neurological diseases and may be a common final pathway shared by many neurodegenerative disorders. This type of excitotoxicity is caused, at least in part, by excessive activation of NMDARs. However, NMDAR activity is also required for physiological neurotransmission. Many drugs that showed promise as inhibitors of excitotoxicity also blocked normal neuronal function and consequently depicted unacceptable side effects in clinical trials. 7, 36, 111 In contrast, clinical trials in AD have demonstrated excellent safety profiles of memantine with minimal adverse side effects. We and others have shown that memantine is a relatively low-aff inity open-channel blocker of NMDARs with uncompetitive antagonism at therapeutic concentrations. Memantine also exerts more blocking activity on extrasynaptic NMDARs, binds at the "intracellular" Mg 2+ site in the channel pore and displays differential affinity for specific and nonspecific binding sites on the NMDAR. Due to its uncompetitive antagonism and unique interaction with permeant ions and Mg 2+ in the channel pore, memantine prevents neurotoxicity from excessive NMDAR activation, yet spares low (physiological) levels of synaptic NMDAR activation during normal neurotransmission. These molecular interactions confer upon memantine favorable biophysical and pharmacological properties that contribute to the drug's clinical tolerability as well as its neuroprotective profile. 7 Results from clinical studies have supported our hypothesis that low-affinity/uncompetitive memantine is a NMDAR-based therapeutic agent which exhibits promising efficacy in treating moderate-to-severe AD with an excellent safety profile.
Although the results of memantine trials are quite promising, it is imperative to continue exploring pharmacotherapies targeted towards various modulatory sites on NMDARs. Further investigation in this area may lead to future opportunities towards developing NMDAR 
